Aerobic organisms contain antioxidant enzymes, such as superoxide dismutase (SOD) and catalase, to protect them from both direct and indirect effects of reactive oxygen species, such as O 2 ⅐؊ and H 2 O 2 . Previous work by others has shown that Escherichia coli mutants lacking SOD not only are more susceptible to DNA damage and killing by H 2 O 2 but also contain larger pools of intracellular free iron. The present study investigated if SOD-deficient E. coli cells are exposed to increased levels of hydroxyl radical ( ⅐ OH) as a consequence of the reaction of H 2 O 2 with this increased iron pool. When the parental E. coli strain AB1157 was exposed to H 2 O 2 in the presence of an ␣-(4-pyridyl-1-oxide)-N-tert-butyl-nitrone (4-POBN)-ethanol spin-trapping system, the 4-POBN-⅐ CH(CH 3 )OH spin adduct was detectable by electron paramagnetic resonance (EPR) spectroscopy, indicating ⅐ OH production. When the isogenic E. coli mutant JI132, lacking both Fe-and Mncontaining SODs, was exposed to H 2 O 2 in a similar manner, the magnitude of ⅐ OH spin trapped was significantly greater than with the control strain. Preincubation of the bacteria with the iron chelator deferoxamine markedly inhibited the magnitude of ⅐ OH spin trapped. Exogenous SOD failed to inhibit ⅐ OH formation, indicating the need for intracellular SOD. Redox-active iron, defined as EPR-detectable ascorbyl radical, was greater in the SOD-deficient strain than in the control strain. These studies (i) extend recent data from others demonstrating increased levels of iron in E. coli SOD mutants and (ii) support the hypothesis that a resulting increase in ⅐ OH formation generated by Fenton chemistry is responsible for the observed enhancement of DNA damage and the increased susceptibility to H 2 O 2 -mediated killing seen in these mutants lacking SOD.
Although the aerobic metabolism of bacteria optimally results in the near simultaneous four-electron reduction of O 2 to H 2 O, a variable percentage of O 2 reduction occurs initially via either one-electron reduction of O 2 to superoxide (O 2 ⅐Ϫ ) or divalent reduction to H 2 O 2 (7) . At physiological pH, O 2 ⅐Ϫ rapidly reacts with itself (dismutes) to form H 2 O 2 (7) . Pathogenic microorganisms are also exposed to exogenous O 2 ⅐Ϫ and H 2 O 2 generated by host neutrophils and other phagocytes (17) . O 2 ⅐Ϫ and H 2 O 2 , in the presence of free iron, can form the hydroxyl radical ( ⅐ OH), a highly reactive molecule that will react at diffusion-limited rates with various biomolecules, including lipids, proteins, and DNA (17 Earlier studies established that exposure of E. coli to increasing H 2 O 2 concentrations results in a bimodal dose-response curve (8) . Low-dose (1 to 3 mM H 2 O 2 ) killing is greatly enhanced in strains deficient in DNA repair systems. This led to the hypothesis that the low-dose component was due to iron-dependent ⅐ OH formation on or near the DNA, presumably as a result of Fenton chemistry as described above. Additional studies, however, demonstrated that E. coli mutant strains lacking SOD activity are more susceptible to H 2 O 2 -mediated killing (9) than are wild-type strains. While this implies a role for O 2 ⅐Ϫ in H 2 O 2 -dependent ⅐ OH formation in vivo, the exact nature of that role has been unclear.
One hypothesis to explain the increased sensitivity of mutants lacking SOD to H 2 O 2 -mediated killing is that the absence of SOD results in increased levels of O 2 ⅐Ϫ , required for the maintenance of iron in the ferrous form (reaction 1 above) (5, 9) . However, most iron inside a cell is either bound to an enzyme or sequestered by an iron storage protein. Also, there are other cellular reductants more plentiful than O 2 ⅐Ϫ , such as glutathione or NADH, which are capable of reducing free iron.
Liochev and Fridovich (15) have proposed that an increased flux of O 2 ⅐Ϫ could lead to an increase in free iron by oxidatively attacking the [Fe-S] x clusters of dehydratases. Recently, Keyer et al. (11, 12) have presented evidence verifying that the increased fluxes of O 2 ⅐Ϫ in an SOD-deficient E. coli strain lead to increased levels of free intracellular iron and that this is the result of O 2 ⅐Ϫ -mediated release of iron from [Fe-S] x proteins such as aconitase. These studies reconcile the ambiguity mentioned earlier regarding the role of O 2 ⅐Ϫ in this process.
Several studies have concluded that exposure to O 2 ⅐Ϫ inactivates a number of enzymes in E. coli which contain Fe-S clusters through oxidation of these sites (6, (13) (14) (15) .
Based on these findings, Keyer and Imlay (12) proposed but did not demonstrate that the increased susceptibility of SODdeficient E. coli to H 2 O 2 -mediated killing resulted from increased production of ⅐ OH due to the presence of catalytic iron. In the present study, we tested this proposal with electron paramagnetic resonance (EPR)-based techniques for detection of both ⅐ OH generation and the presence of redox-active iron. We have subsequently confirmed both enhanced ⅐ OH generation upon exposure to H 2 O 2 and the presence of higher levels of redox-active iron in these cells.
(Part of this work was presented in abstract form at the 1997 meeting of the American Federation for Medical Research (Biomedicine 97), Washington, D.C., May 1997.)
MATERIALS AND METHODS
Bacterial strains. This work utilized a well-characterized E. coli strain, JI132, lacking both FeSOD and MnSOD (SOD Ϫ ) and previously constructed by transduction of E. coli AB1157 (SOD ϩ ) (9) . We also employed the catalase-deficient mutant UM255 (CAT Ϫ ), which was constructed by transduction of strain KL 16-99 (CAT ϩ ). Both strains were provided to us by Michael Gunther, National Institute of Environmental Health Sciences. Native-activity gels confirmed the continued absence of SOD and catalase from strains JI132 and UM255, respectively.
Bacterial growth. Bacteria were streaked on agar plates and grown overnight at 37°C. Colonies were isolated, placed in media (1% [wt/vol] tryptone [Difco]-0.5% [wt/vol] yeast extract [Difco]-170 mM NaCl adjusted to pH 7.0 with NaOH), and grown for 4 to 6 h at 37°C. The bacteria were washed two times with cold chelated Hanks balanced salt solution (HBSS), and cell numbers were determined from the optical density at 600 nm, which had been previously correlated with known E. coli concentrations as determined by quantification of CFU. The bacteria were resuspended at a density of 2.5 ϫ 10 10 /ml in chelated HBSS.
Spin trapping. Spin-trapping experiments to detect formation of ⅐ OH utilized a spin-trapping system containing 10 mM ␣-(4-pyridyl-1-oxide)-N-tert-butyl-nitrone (4-POBN; Aldrich, Milwaukee, Wis.) and 170 mM ethanol. In this spintrapping system, ⅐ OH reacts with ethanol, abstracting a hydrogen atom and yielding the ␣-hydroxyethyl radical [ ⅐ CH(CH 3 )OH], which forms a stable spin adduct with 4-POBN (a N ϭ 15.5 G, a H ϭ 2.6 G) (18) . This spin trap does not directly yield stable spin adducts with either O 2 ⅐Ϫ or ⅐ OH. As the ␣-hydroxyethyl radical cannot be formed by O 2 ⅐Ϫ , the presence of the 4-POBN-⅐ CH(CH 3 )OH spin adduct is direct evidence for the presence of ⅐ OH. Background EPR signals were determined for each batch of spin trap and were at the noise level for the instrument settings used in these studies.
To minimize the effects of adventitious metals, all buffers were Chelex-treated and all samples contained a 100 M concentration of the iron chelator diethylenetriaminepentaacetic acid (DTPA). In some experiments, bacteria were exposed to 2 mM deferoxamine mesylate (DFO) for 50 min at room temperature before H 2 O 2 treatment. In all EPR studies, bacteria were added to a final concentration of 2.5 ϫ 10 9 /ml. All spin-trapping spectra are the result of seven signal-averaged scans and were obtained at room temperature with a model ESP 300 spectrometer (Bruker Instruments, Karlsruhe, Germany). The magnitude of the EPR signal observed is directly proportional to the amount of spin adduct in the sample. Instrument settings were as follows: microwave power, 20.0 mW; modulation frequency, 100 kHz; modulation amplitude, 0.941 G; and receiver gain, 8 ϫ 10 4 . The sweep rate for each scan was 80 G/84 s. Ascorbate assay for reactive iron. Bacteria (2.5 ϫ 10 9 /ml) were added to a system containing a 100 M concentration of the metal chelator EDTA (Fisher) (recrystalized four times to remove adventitious metals) in 50 mM phosphate buffer at pH 7.0; 5 mM N-ethylmaleimide (NEM) was added to the bacteria 5 min before ascorbate exposure to inhibit ascorbate reductase activity (19) . Upon addition of ascorbate (100 M) to the samples, they were quickly transferred to a flat cell and placed in the cavity of the EPR spectrometer. The resulting spectra represent direct detection of the ascorbate free radical. The EPR signal intensity of the ascorbate radical can be related directly to the concentration of free iron in the sample; however, this free iron must first be converted to a standard catalytic form (e.g., chelated with EDTA) (2, 4). Ascorbate and NEM stock solutions were made fresh daily. Instrument settings for the detection of the ascorbate free radical were as follows: microwave power, 40 mW; modulation frequency, 100 kHz; modulation amplitude, 0.594 G; receiver gain, 2.5 ϫ 10 5 . The sweep rate for each scan was 10 G/42 s. (Fig. 1B) . When 100 M H 2 O 2 was added to the 4-POBN-ethanol spin-trapping system in the absence of bacteria, the resulting EPR spectrum lacked any evidence of the formation of stable spin adducts (Fig. 1A) . This indicates that the bacterium is required for the generation of ⅐ OH. When strain AB1157 was preincubated with DFO (2 mM for 1 h) there was a marked reduction in the magnitude of ⅐ OH spin trapped ( Fig. 2A and B) , indicating that ⅐ OH production occurred due to the interaction of H 2 O 2 with bacterium-associated redox-active iron.
RESULTS

Previously
When the isogenic E. coli mutant (JI132) lacking both Fe-
spin trapping of ⅐ OH in wild-type and SOD-deficient E. coli. The EPR spectrum was obtained 10 min after addition of 100 M H 2 O 2 to Chelex-treated HBSS containing 100 M DTPA, 10 mM 4-POBN, and 170 mM ethanol (A), in the presence of wild-type E. coli (2.5 ϫ 10 9 /ml) (B), and in the presence of SOD-deficient E. coli (2.5 ϫ 10 9 /ml) (C).
FIG. 2. Inhibition by DFO of 4-POBN-ethanol spin trapping of
⅐ OH in wild-type and SOD-deficient E. coli. The EPR spectrum was obtained 10 min after addition of 100 M H 2 O 2 to Chelex-treated HBSS containing 100 M DTPA, 10 mM 4-POBN, 170 mM ethanol, and wild-type E. coli (2.5 ϫ 10 9 /ml) (A) pretreated for 50 min with 2 mM DFO (B) or containing SOD-deficient E. coli (2.5 ϫ 10 9 /ml) (C) pretreated for 50 min with 2 mM DFO (D). DSFL, DFO.
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SOD REGULATES Fe-DEPENDENT • OH FORMATIONSOD and MnSOD (SOD Ϫ ) was exposed to H 2 O 2 in a similar manner, the resulting 4-POBN-⅐ CH(CH 3 )OH signal was fivefold greater than that seen with strain AB1157 (Fig. 1C) . DFO treatment also led to a large decrease in the 4-POBN-⅐ CH(CH 3 )OH signal seen with the JI132 strain ( Fig. 2C and  D) , consistent with the hypothesis that the absence of SOD activity enhances formation of ⅐ OH upon exposure of these organisms to H 2 O 2 . Furthermore, the addition of exogenous SOD immediately before H 2 O 2 exposure failed to inhibit ⅐ OH formation, consistent with the need for SOD to be present intracellularly during bacterial growth in order to produce its protective effect (data not shown).
To provide additional evidence that the observed increase in ⅐ OH formation was due to the SOD-dependent control of intracellular iron and not to unexpected alterations in bacterial H 2 O 2 metabolism, we performed the same H 2 O 2 and DFO treatments with a control (KL 16-99) and a matching isogenic bacterium lacking catalase activity (UM255). When these bacteria were examined with the 4-POBN-ethanol spin-trapping system, we observed that the catalase-replete and catalasedeficient strains showed no difference in ⅐ OH formation upon H 2 O 2 exposure (Fig. 3A and C) . Pretreatment of these bacteria with DFO also reduced the 4-POBN-⅐ CH(CH 3 )OH signal to near background levels ( Fig. 3C and D) . These data suggest a role for noncatalase pathways in the removal of exogenous H 2 O 2 in E. coli.
We next sought to quantify the redox-active iron in both the SOD ϩ and SOD Ϫ bacteria by determining the relative ability of each to form the EPR-detectable ascorbyl radical (Asc ⅐Ϫ ) (Fig. 4A) . It is important to note that when ascorbate is dissolved in aqueous buffer, a small background Asc ⅐Ϫ signal forms spontaneously, which serves as an excellent internal control. The intensity of this background signal is pH-dependent, so these experiments were carried out at pH 7.0, minimizing spontaneous Asc
⅐Ϫ formation yet representing a pH appropriate for biological studies (3) . When added to bacterial suspensions, ascorbate reacts with bacterium-associated Fe 3ϩ to form Fe 2ϩ and Asc ⅐Ϫ , which is manifested as an increase in the background Asc ⅐Ϫ signal. Asc ⅐Ϫ formation in the presence of the SOD ϩ bacteria was similar to the signal in the absence of bacteria (Fig. 4B) . In contrast, a stronger signal was seen with the SOD Ϫ bacteria (Fig. 4C) . When the pure ascorbate (i.e., no cells) background signal is subtracted from those of both the SOD ϩ and SOD Ϫ bacteria, the resulting signal for the SOD ϩ bacteria is essentially at the level of noise (Fig. 4D) . The signal for the SOD Ϫ bacteria is above background (Fig. 4E) , indicating the presence of detectable redox-active iron with this strain. These data are consistent with the increase in total DFO-chelatable iron seen with the same SOD Ϫ and SOD ϩ strains of E. coli in the previous work of Keyer and Imlay (12) . Since the Asc ⅐Ϫ signal with the control (SOD ϩ ) strain was not above background, we are unable to calculate the magnitude of the increase in redox-active iron over control in the SOD Ϫ strain.
DISCUSSION
When E. coli organisms are exposed to H 2 O 2 , a bimodal dose-response curve is observed: mode one killing, seen at low H 2 O 2 concentrations (1 to 3 mM), is caused by direct DNA damage; mode two killing, seen at higher H 2 O 2 concentrations (Ͼ20 mM), is not well defined (8) . Mutant bacteria deficient in either recombinational or excision repair pathways are extremely sensitive to mode one killing (9) . In addition, mutant bacteria lacking SOD also show increased sensitivity to mode one killing, which implies a role for O 2 ⅐Ϫ in this pathway (9) . Previous studies have proposed that the DNA damage seen following low-dose H 2 O 2 exposure (1 to 3 mM) is a consequence of Fenton chemistry (reaction 2 above) occurring on or near DNA, generating a highly reactive species such as ⅐ OH, which is then the effector of DNA damage (5, 9) . The increased sensitivity seen in the SOD mutants was initially thought to be due to an O 2 ⅐Ϫ -dependent enhancement of iron reduction, leading to increased ⅐ OH formation. However, recent work by Keyer and Imlay (12) has shown that the SOD-deficient mutants have greatly increased levels of free iron, most likely due to the release of iron from O 2 ⅐Ϫ -sensitive [Fe-S] x proteins such as aconitase. In bacteria devoid of SOD activity (i.e., strain JI132), and thus presumably under the influence of a higher steady-state level of O 2 ⅐Ϫ , intracellular levels of free iron were sevenfold higher than that observed in the parental strain (AB1157) (12) .
Based on these findings, Keyer and Imlay hypothesized that excess O 2 ⅐Ϫ in these mutants enhances sensitivity to H 2 O 2 by increasing the pool of free iron, resulting in enhanced production of DNA-damaging ⅐ OH. In the present study, we have provided direct evidence in support of this hypothesis. We demonstrated a significant enhancement of spin trap-detectable ⅐ OH formation upon exposure of the SOD-deficient E. coli strain JI132 to 100 M H 2 O 2 compared to that seen with the parental strain, AB1157. Pretreatment of the JI132 (SOD-deficient) bacteria with DFO greatly reduced the magnitude of ⅐ OH generation, confirming that it arose as a consequence of Fenton chemistry, as iron bound to DFO is no longer available for this redox chemistry (10) . At the levels used, and in the time frame of the present study, DFO does not remove tightly bound iron from proteins (12) . Thus, these data are consistent with the bacteria that lack SOD containing a larger pool of redox-active free iron than wild-type bacteria.
Using an assay based on the oxidation of ascorbate to the ascorbate free radical, we found the concentration of ascorbate-reactive iron (i.e., Fe 3ϩ ) to be below the limit of detection in the SOD ϩ samples. In normal bacteria, iron availability is tightly regulated. The demonstration of ascorbate-reactive iron in the bacteria lacking SOD can be interpreted as indicating an increase in the steady-state levels of catalytic iron. This catalytic iron would lead to increased ⅐ OH formation, as observed in our spin-trapping experiments.
When the same H 2 O 2 exposures were examined with an E. coli strain lacking catalase, no differences was observed between the parental and the mutant strains. While it is somewhat surprising that no differences were seen, there are some possible explanations. First, an absence of catalase does not necessarily equate with the inability to metabolize and/or remove H 2 O 2 . The bacteria could contain multiple enzymatic systems that facilitate removal of H 2 O 2 , or the levels of H 2 O 2 added may have been too low for efficient removal by catalase. In any case, the enhanced ⅐ OH formation seen in the SODdeficient (but catalase-proficient) strain following H 2 O 2 exposure implies that in the presence of significant levels of redoxactive iron, catalase alone is not able to compensate and protect the cell. It follows that iron, not [H 2 O 2 ], is potentially rate limiting in ⅐ OH formation. In summary, these studies extend recent data demonstrating increased levels of iron in E. coli strains lacking SOD. They further support the hypothesis that a resulting increase in ⅐ OH formation is responsible for the enhanced DNA damage seen in these organisms following H 2 O 2 exposure. Thus, SOD plays a critical role in bacterial resistance to H 2 O 2 -mediated damage by limiting release of iron from O 2 ⅐Ϫ -susceptible bacterial enzymes (e.g., aconitase), which would in turn enhance ⅐ OH production.
